Small angle neutron scattering (SANS) offers opportunities for resolution of structure in molecular assemblies that can not be readily accessed by crystallography, such as inherently disordered assemblies, like micelles or vesicles, or multiple protein component complexes that can not be easily crystallized, like RC-cyt complexes or RC-antenna complexes. Scattering measurements on solution samples allow direct correlations to be made between structural features of Supramolecular assemblies and their spectroscopically determined function. Parameters which can be resolved by SANS include the size, shape, molecular weight, volume of macromolecules, internal packing for multiple component protein complexes. This information can be used to discriminate between possible molecular models for supramolecular structures. This chapter surveys possibilities for the application of this technique for the characterization of supramolecular assemblies in photosynthesis. SANS has been used to characterize the effect of ionic strength and detergents on reaction center aggregation. These measurements are being used to examine the pathways for reaction center crystallization. Applications are also presented for structural characterization of light-harvesting antenna complexes.
I. Introduction
Small angle neutron scattering (SANS) offers opportunities for the determination of solution structures of macromolecules with sizes in the range of 10Å to 500 Å which complements structural determination by other techniques. A distinguishing feature of neutron scattering compared to x-ray, electron and light scattering is that neutrons interact with atomic nuclei instead of electrons. This property allows neutron scattering to be sensitive to both light and heavy atoms in a structure, including protons which are typically not observed in x-ray and electron scattering. Table 1 shows coherent neutron scattering lengths, and incoherent scattering cross sections, for selected elements compared to their x-ray scattering amplitudes in the forward direction, f(0). The magnitudes of the coherent neutron scattering lengths for H and D are seen to be nearly comparable to those for other atoms found in biological molecules, while large differences are seen for x-ray scattering amplitudes which increase with increasing atomic number. This implies that H and D will make significant contributions to neutron scattering for biological molecules, while they will make relatively weak contributions for x-ray scattering signals.
Another significant feature of neutron scattering that makes it suitable for probing biological structures is the relatively low energy of the neutron beam. At wavelengths compatible for resolving structure on the 10 Å to 500 Å scale, the millivolt energy of the neutron beam is a million fold less than the kilovolt energy used in comparable x-ray scattering experiments, resulting in several orders of magnitude reduction in radiation damage. Furthermore, the penetration depth of the neutron beam allows neutron scattering analysis to be made on aqueous samples with 1 to 5 millimeter path lengths. This penetration depth allows SANS measurements to be made with samples similar to those encountered for the characterization of photosynthetic proteins by optical spectroscopies. This concurrence in sample constraints will permit the same sample to be analyzed by optical spectroscopy and SANS, enabling direct comparisons between photosynthetic function and structure.
SANS is a widely applied scattering technique, and several reviews cover the application to biological systems (Jacrot, 1976; Stuhrmann and Miller, 1978; Chen, 1986; Feigin and Svergun, 1987) . This technique allows extraction of form factors, which are descriptions of macromolecular size and shape, and particle-particle structure factors in solutions. This technique has also been demonstrated to provide structural information on supramolecular assemblies in their native state in aqueous solutions (Ramakrishnan et al., 1984) . While form factors are a relatively low resolution image of a macromolecular assembly, this information can precisely define the distribution of aggregation states for proteins in solution, characterize protein packing in aggregates, and charac-
